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The elucidation of mammalian genome sequences (Lander et al. 2001; Venter et al. 2001; Waterston et al. 2002) represents a significant step forward in our understanding of the basis of life. Central to this improved understanding is the need for a complete description of the mammalian transcriptome together with the proteome it encodes. Attempts so far to define the transcriptome computationally are likely to have resulted in an underestimation of the true number of transcribed sequences (Hogenesch et al. 2001; Kapranov et al. 2002) . cDNAbased surveys, such as the RIKEN mouse gene encyclopaedia project Okazaki et al. 2002) , currently represent the approach most likely to reveal the true extent of the transcriptome.
The ultimate success of this approach is still dependent on the selection of tissues/cell types chosen to survey. Many transcripts will only be expressed in certain tissues, at specific time points, or in response to particular stimuli. This constraint is particularly relevant to cells of the immune system, and as a consequence many known, inducible immune response genes are poorly represented in the public EST databases (Staudt and Brown 2000) .
Macrophages and dendritic cells (DC) are related cell types with many unique functions in innate and acquired immunity, one of which is the presentation of antigen, together with costimulatory signals, to initiate T cell responses to pathogen. The function of both cell types is acutely regulated by many stimuli, with activation often being associated with extensive remodeling of their transcriptomes (Hashimoto et al. 2000; Ehrt et al. 2001; Ravasi et al. 2002) . One of the most studied regulators of macrophage function is bacterial lipopolysaccharide (LPS), with more than 500 known, LPS-inducible genes being currently documented . The RIKEN mouse gene encyclopaedia represents the most extensive collection of mouse transcription units assembled to date Okazaki et al. 2002) . It currently comprises 37,086 transcription units made up from 60,770 full-length clones (Okazaki et al. 2002) . Despite this depth of coverage, a survey of its content reveals low representation of known macrophage/DC-expressed or LPSinducible genes amongst the cDNAs sampled in Phase 1 (EST) sequencing.
In the present study, we have assessed the complexity of the mouse transcriptome expressed in macrophages before and after LPS stimulation using existing RIKEN 19K microarrays. Additionally, given the low representation of known macrophage/DC-expressed genes in the current RIKEN set, we have looked for additional genes by creating cDNA libraries from purified macrophage and DC populations.
RESULTS AND DISCUSSION

The Macrophage Transcriptome
To assess the complexity of the transcriptome expressed in macrophages, RNA was extracted from primary bone marrow-derived macrophages cultured in the presence or absence of LPS and hybridized in duplicate to RIKEN 19K microarrays. Because of the diversity in macrophage function that is known to exist between mouse strains, and to provide additional power to the clustering, we used three different strains. We also examined multiple time points to assess the temporal cascade and assess the optimal time for cDNA library construction (see below). To permit comparison with other tissues studied in the RIKEN Expression Array Database, all hybridizations were performed using 17.5dpc C57Bl/6J whole-embryo RNA as a reference. Following normalization, the gene expression data obtained was clustered together with data obtained from 49 other tissues (Miki et al. 2001) and the results are shown in Figure 1A . The mouse strains segregated on genotype, based on LPS responsiveness, however, when compared to the other tissues, the macrophage arrays formed a distinct cluster. This cluster provides a transcriptional marker of macrophage identity that is independent of the genotype, or state of activation of the macrophages. While the transcripts associated with this cluster (listed in Supplementary Table 1) were not unique to macrophages, the cluster contains 347 genes known to be enriched in cells of this lineage. The majority of these 347 genes have obvious functions, such as endocytosis and phagocytosis (e.g., the lysozyme cathepsin S; the actin binding protein Coronin; and the proteolytic enzyme macro- The ontology pie was based on the RIKEN clone annotation, curated by the Functional Annotation of Mouse Genome consortium (FANTOM). Further information regarding these genes can be found in Supplementary Table 1 . Cold Spring Harbor Laboratory Press on July 30, 2013 -Published by genome.cshlp.org Downloaded from pain), cytokines and chemokines (e.g., CXC type chemokines) and myeloid lineage markers such as CD34. The GO annotated functions of this set are described in Figure 1B .
Stimulation with LPS led to a remodeling of macrophage gene expression, and 373 probes were LPS-inducible in the LPS responsive strains, BALB/c and C3H/ARC, but not the hyporesponsive C3H/HeJ strain (Fig. 2 , Suppl. Table 2) . Interestingly, the majority (86%) of LPSinducible transcripts were not res t r i c t e d t o t h e m a c r o p h a g eenriched set ( Fig. 2A ). Most of the LPS-responsive probes have no annotated function, but those that could be classified were consistent with a role in macrophage activation, for example, 18% could be classified as playing a role in cell signaling and 10% are involved in antigen presentation (Fig. 2B) , w h i l e o n l y 4 % o f t h e L P Sresponsive probes on the array fell into the cytokine/chemokine category. The paucity of macrophage specific genes that were LPSinducible may reflect the underrepresentation of inflammatory genes in the probe set. Detailed analysis of the function of the known macrophage-specific and LPS-inducible genes on this array is not the core focus of this study. The key observations that can be made from the data are that macrophages are a distinct cell type that has not been sampled adequately in the RIKEN transcriptome project, that the mRNA profiles are complex (75% of elements on the array gave a detectable signal), and are not dominated by a small number of transcripts, and that LPS causes a significant shift in the profiles of expressed genes. These findings indicated to us that in depth sequencing of cDNA libraries from cells of the macrophage lineage was required to ensure the comprehensive sampling of the mouse transcriptome in the RIKEN project.
Identification of Novel Macrophage/Dendritic Cell Transcripts
To look for additional macrophage/ DC-expressed transcripts three cDNA libraries were created from LPS-stimulated macrophage and DC populations. For the macrophages, we chose 4 h poststimulation, a time when most inducible transcripts on the arrays are at least partly induced, and few constitutively-expressed transcripts that were downregulated by LPS were completely repressed. In total, 64,552, 3Ј and 5Ј single-pass sequence reads were generated from the three libraries (Table 1 ). The 64,552 reads were clustered together with 48,137 nonredundant sequences representing known mouse genes to give 22,529 unique sequences, of which 6352 were multi-EST clusters and 16,177 were singleton ESTs (Table 1) . Among the 6352 clusters, 4284 contained one or more sequences derived from the known gene set, which left 2068 unknown clusters comprised of 13,124 EST reads (Table 1) .
To assess the novelty of the data obtained, we determined how many of this set of unknown ESTs are represented in the FANTOM2 data set. Of the 29,301 ESTs that do not match known genes, 20,225 (69%) were also not found in the FANTOM2 set (Table 1 ). This observation is not just restricted to the singletons; a significant proportion of the unknown clusters, 816 of the 2068 (39%), were not represented in the FANTOM2 set (Table 1 ). The identification of a large number of novel singletons is not surprising for a number of reasons. Firstly, this mRNA source has not previously been widely sampled. Secondly, the normalization and subtraction strategy employed during library construction is designed to identify rare transcripts and increase diversity in the library, with the consequential identification of many singletons.
To provide additional evidence as to whether these are truly expressed sequences, we compared the unknown unique sequences to the TIGR mouse gene indices (MGI). Of the unknown unique sequences, 1583 clusters and 5585 singleton ESTs matched TIGR MGI, which provides independent evidence that these represent genuine transcripts. Surprisingly, 23% (485/2068) of the unknown clusters were not represented in TIGR MGI (Table 1) . Of these clusters, 349 (72%) could be mapped to either the mouse or human genome sequences (Table 1) , providing additional support that they represent genuinely transcribed sequences.
While the RIKEN full-length clone collection represents the most comprehensive set of cDNAs assembled to date, the high novelty rate among the sequences obtained in this present study demonstrates the need for continued sequencing of cDNA libraries from specialized cell populations if a complete picture of the transcriptome is to be obtained.
Functional Analysis of Macrophage/Dendritic Cell-Derived Transcripts
The degree of novelty in the sequence clusters indicates a new depth of transcription in inducible macrophage and dendritic cell populations. We assessed the libraries for enrichment of known inflammatory mediators (Fig. 3) , and found high representation of the toll-like receptor family (Tlr1, 2, 3, 4, 7 and 8), adapter proteins (MyD88 and TIRAP), enzymes involved in the lysosome (e.g., lysosomal ATPase), proteasome (such as macropain) and oxidative metabolism (e.g., cytochrome b-245), and a large set (390) of transcriptional regulators. Cytokines and chemokines remained underrepresented (<2% of known genes) in this set for reasons that are not clear.
This study provides a snapshot of the transcriptome in a single inducible cell system. We have demonstrated a molecular lineage marker for primary macrophages. The cluster of genes highly expressed in this set included a large number of full-length RIKEN clones with no annotated function. Interestingly, this set was not dependant on the activation status of the cells, as the LPS hyporesponsive mouse C3H/HeJLps d clustered with the LPS responsive strains BALB/c and C3H/ ARC even after LPS activation. Indeed, we showed that many LPS-inducible genes are not macrophage-restricted, an observation which itself has broader implications on how we target treatments for inflammatory disease. The RIKEN 19K fulllength cDNA set did not contain many known inflammatory mediators. This observation was extended to the public databases generally, and is not surprising given that the large mouse EST projects have focussed on libraries from healthy tissues derived from specific pathogen-free animal house facilities. Our preliminary data set from three activated inflammatory cell populations describes a very high degree of novel transcripts, even among the large tentative consensus sequences. We were able to show broad representation of known cellular processes including signaling, transcription factors, receptors, and enzymes within these libraries. The emphasis of this work was gene discovery and as such a more detailed analysis of the macrophage and dendritic cell gene expression profiles is beyond the scope of this current manuscript. The high degree of novelty found in this study clearly demonstrates the requirement for continued sampling of inducible cell types such as these if a complete picture of the transcriptome, the ultimate aim of projects such as FANTOM2, is to be realized.
METHODS
Mouse Strains, Cell Culture and Total RNA Extraction
Bone marrow-derived macrophages (BMM) were differentiated from primary mouse bone marrow cells obtained from 6-wk-old femurs, collected from pools of male siblings from each of three mouse strains, BALB/c, C3H/ARCLps n , and C3H/ HeJLps d . The Tlr4 P691H polymorphism in C3H/H3JLps d was confirmed by sequencing. Cells were differentiated in the presence of 10% Serum Supreme (Gibco-BRL) in RPMI media (Gibco-BRL) and 10 4 U/mL (10 ng/mL) recombinant human CSF-1 (Chiron). At day 6 cells were harvested and plated in 90mm 2 tissue culture dishes at a concentration of 10 6 cells/ plate. At day 7, cells were treated with LPS from Salmonella Minnesota (Sigma-Aldrich) for the times shown in the result section. CD11c + DC were differentiated from bone marrowderived progenitors by culturing in Iscoves medium containing 10% FCS, 10% GM-CSF (Preprotech). After culturing for 11 d, CD11c + cells were purified by FACS. Total RNA was extracted using RNAeasy Midi columns (Qiagen) following the vendor's protocol.
Microarray Studies
The 19K full-length cDNA microarrays used for the BMM expression profile studies were generated by the RIKEN genome science center as described previously (Miki et al. 2001) . Total RNA from BMM treated or not with LPS at different time points and total RNA from 17.5dpc C57Bl6/J whole-embryos, were labelled with Cy3-aminoallyl and Cy5-aminoallyl, respectively (Amersham Pharmacia) using the indirect labeling protocol as described at http://www.imb.uq.edu.au/groups/ hume/. The test (BMM) and the reference (embryo) probes were hybridized at 65°C overnight. The arrays were washed for 5 min in 2‫ן‬SSC/0.2% SDS buffer and then spun dry. Slides were scanned using a ScanArray 5000 (BioDiscovery). Raw image data was processed using DigitalGenome software (Mo-lecularWare), where data was flagged for signal strength and spot reliability. Data was normalized as previously described (Miki et al. 2001) to the reference standard by subtracting (in log space) the median observed value. We used only data points that were reproducible, by removing those points flagged for intraspot variance and signal threshold below ‫ן2‬ background. Data was interrogated in GeneSpring4.2 (Silicon-Genetics), using unsupervised hierarchical clustering. Annotations were determined using Gene Ontology (GO) classifications, and were derived from the RIKEN FANTOM2 database (macrophage restricted set) as described previously (Okazaki et al. 2002) , and from UniGene assignments (LPS inducible set), interrogated using the Stanford SOURCE batch server (http://genome-www5.stanford.edu/cgi-bin/SMD/ source//sourceBatchSearch).
cDNA Library Construction and Sequencing cDNA libraries were constructed from purified macrophage and DC populations essentially as previously described (Carninci et al. 2000) . Single pass sequencing of the libraries was performed as described previously .
Sequence Analysis
The set of ESTs and a set of known genes from GenBank, made nonredundant by eliminating the completely contained sequences, were clustered and assembled using the TGI clustering tools (http://www.tigr.org/tdb/tgi/software/).
The pipeline for clustering and assembly included:
1. A cleaning process, in which sequences were trimmed to remove vector, poly-A/T tails, adaptor sequences, and contaminating bacterial sequences.
Figure 3
Functional analysis of known transcripts in the immunome libraries; 4284 known gene clusters were represented and analyzed using FANTOM2 GO terms extracted from the TC descriptor. Enzymes were the largest category identified, with 1018 unique members. The cytoskeleton category contained 916 members and included membrane bound proteins (excluding receptors), the actin cytoskeleton, and trafficking molecules. Three hundred ninety transcriptional regulators were identified. Three hundred forty-nine TC annotated as immunity/antigen presentation were specifically involved in MHC processing, antigen presentation, chemokine, leukotriene and cytokine production, components of the complement cascade, and interferon signaling. One hundred seventy-two cell cycle, growth and differentiation TC included a number of macrophage-specific, neutrophil-specific, and T-cell-specific differentiation markers. G-proteins, kinases, and the rab/rac signaling pathways were particularly represented in the 108 signaling TCs. The remaining categories included protein synthesis and modification (433 TC), 243 receptors, oxidative metabolism/stress (139 TC), apoptosis (68 TC), and extracellular matrix (52TC).
2.
A pairwise "all versus all" search step, using megablast (from NCBI Toolkit). The sequence overlaps found were filtered and only those with the minimum length of 40 nucleotides, the minimum percent identity for the overlap of 95% and the maximum mismatched overhangs around the overlap of 30 nucleotides, were kept and used to separate the sequences in clusters. The overlaps were not allowed to start in repeat masked regions, but were allowed to extend into them. 3. An assembly step, in which sequences from each of the clusters were passed to the cap3 assembly program for multiple alignment and consensus building.
This process resulted in assemblies-tentative consensus sequences ("TCs") and "singleton ESTs" (did not cluster with anything else). The resulting assemblies (TCs) were classified into TCs that contain both genes and ESTs and TCs that contain only ESTs. A nonredundant set of "unknown" sequences was built using the TCs containing only ESTs together with the singleton ESTs.
This set was searched using BLAST (E = 1e-5) against the TIGR Mouse Gene Index (http://www.tigr.org/tdb/tgi/mgi-a nonredundant set of all the ESTs in dbEST and genes in Gen-Bank). The hits that were above the thresholds of 90% coverage and 90% identity were considered matching known ESTs. The ones that did not match any sequences in TIGR MGI were considered putative "novel" genes. To verify the validity of these sequences, they were mapped on the latest assemblies of the mouse (MGSCv3) and the human (build30) genomes, using the programs BLAT and Sim4.
For mapping of sequences to the mouse genome, Jim Kent's BLAT program was used, for reasons of high speed and high sensitivity for the same species transcripts/DNA sequences (Kent 2002) . For the human genome mappings, Sim4 was used for reasons of higher cross-species sensitivity (Florea 1998) . In both cases, the hits reported by these programs were filtered and only those in which the match covered more than a certain percent of the transcript sequence (90% for the mouse genome, 75% for the human genome) and whose overall percent identity was greater than a threshold (95% for mouse genome, 90% for the human genome) were reported.
To evaluate the overlap between the "unknown" set and the sequences produced by the FANTOM2 project, this set was searched against a nonredundant set of sequences from FANTOM2, built in a similar fashion using the TIGR TGI clustering tools. The clones were annotated through human curation of a list of key words that were extracted from the sequence definitions ascribed to each TC or EST.
